• In a series of 17 patients operated on for stenosis of the internal carotid artery, measurement of the blood flow in the internal carotid artery by a squarewave electromagnetic flowmeter was performed simultaneously with measurement of the regional cerebral blood flow (rCBF) by the 133 Xenon injection technique. The measurements were made before and after endarterectomy. On completion of endarterectomy there was significant increase in mean internal carotid artery flow (ICAF), from 133 ml/min to 212 ml/min (P < 0.05), whereas mean rCBF remained unaltered.
The ratio ICAF/rCBF gives brain substance in grams supplied by the internal carotid artery. The mean value of this ratio increased significantly from 231 gm to 452 gm after endarterectomy (P<0.01). Thus cerebral hemodynamics tended to the normal postoperatively.
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• Arterial blood flow measurement during reconstructive vascular surgery is of value in estimating the degree of flow reduction before the reconstruction and in evaluating the effect of the operation. Changes of blood flow through an artery, however, do not necessarily reflect changes in tissue perfusion, unless that artery is the sole supply to the organ or region in question and no arteriovenous shunting takes place at the periphery. Because the cerebral collateral circulation is abundant, flow changes in an extracranial cerebral artery effected by reconstructive surgery do not necessarily result in changes in brain tissue perfusion.
To determine the effect of carotid endarterectomy on the cerebral hemodynamics, simultaneous measurements of internal carotid artery flow (ICAF) (electromagnetic squarewave flowmeter) and regional cerebral blood flow (rCBF) ( 183 Xenon injection technique) were made in a series of patients before and after endarterectomy for carotid stenosis.
Methods
The series comprises 17 patients operated on for severe atherosclerotic stenosis of the internal carotid artery. Concomitant lesions of other extracranial arteries were common (table 1) . Six patients presented with a history of transient ischemic attacks. Three patients had had small episodes of cerebral ischemia lasting longer than 24 hours and had slight neurological symptoms at the time of operation. Five patients had suffered a completed stroke and partial remission had taken place before the operation. Three patients were operated on immediately after admission because of progressing stroke; they were, however, all fully conscious and without severe neurological defects. There were no postoperative deaths.
The surgical operations were performed under general anesthesia. After induction with a short-acting barbiturate, anesthesia was main- s £ e e ouuo tained by halothane in concentrations <1.0% in oxygen and nitrous oxide, approximately 50% of each. The patients were ventilated by a ventilator via a non-rebreathing system. Systemic blood pressure was continuously monitored via a catheter inserted into the radial artery and connected to a Statham pressure transducer and potentiometer recorder. The internal carotid artery flow was measured by a squarewave electromagnetic flowmeter (Nycotron 372). The flow probes were calibrated in vitro as described by Lauridsen et al. 1 The variation coefficient was 2.6%. Zero flow reference was established by a brief (5 to 10 sec) occlusion of the artery before every measurement.
The rCBF measurements were made by the isotope clearance technique described by H0edt-Rasmussen, Sveinsdottir and Lassen.
2 After surgical exposure, 0.2 to 0.4 mCi 188 Xe, dissolved in 0.2 to 1.0 ml physiological saline, was injected directly into the internal carotid artery. The clearance of the tracer was recorded by a single scintillation detector placed over the temporal region. The detector was connected to a Meditronic ratemeter, and the curve was written out by a potentiometer recorder.
The rCBF was calculated according to the equation
•AlO(corr) X • 100 ml/100 gm • minute where H is the initial height of the clearance curve, H lo the height at ten minutes, and A io(corr) tne area below the curve corrected for recirculation and remaining activity from previous injection. X is the blood-tissue partition coefficient of Xenon for whole brain (1.15). A wide-angle collimation was used, enabling the detector to "see" the whole hemisphere. The rCBF I0 thus represents an average flow value for the region of the brain getting its blood supply from the internal carotid artery in question.
Of the 34 pairs of rCBF and carotid artery flow measurements 21 were carried out simultaneously. In ten instances the flowmetry was made one to six minutes before, and in three instances 15 to 38 minutes after the Xenon injection. It was secured that no important change in blood pressure took place during the two examinations. Arterial carbon dioxide tension (Pacoj) was measured at each set of flow measurements.
Results
In all cases the stenoses were estimated to reduce the cross-sectional area of the internal carotid arteries by 50% or more. In some cases the lumen was reduced to a threadlike passage. Halothane cone, per cent of the gas mixture administered.
-: The ratio expresses gram brain substance supplied by the internal carotid artery.
rCBF 10 The results in four of the patients (cases 1, 2, 3 and 4) have recently been published."
BLOOD FLOW DURING CAROTID SURGERY
The ICAF showed great variations before as well as after the endarterectomy (table 2) . 8 In three cases there was no measurable flow before the endarterectomy. In case 16 the flow decreased from 50 ml/min to zero during the measurement. In cases 6 and 11 the occlusion probably took place during manipulation of the vessel, as angiography one and ten days preoperatively had shown some patency and no thrombosis of the peripheral part of the artery was found at operation. For the group as a whole the mean blood flow in the internal carotid artery increased significantly from 133 ml/min before to 212 ml/min after the operation, P < 0.05 (Wilcoxon's test for pair differences). The difference was not caused by changes in systemic blood pressure or in Paco,, as the mean values of these parameters were unchanged after endarterectomy.
In seven cases rCBF increased significantly and in four cases a decrease occurred. For the group as a whole the mean value of rCBFio was 49.7 ml/100 gm • minute before and 50.6 ml/100 gm • minute after the endarterectomy. The difference is not significant, P > 0.1.
As the measured rCBF can be taken as a mean value for the whole region supplied by the internal carotid artery, the ratio of ICAF/rCBF gives an expression of the weight of the brain tissue fed by this artery. The mean values of these ratios were 231 gm before and 452 gm after the endarterectomy. The difference is significant, P < 0.01.
Following the operation the cerebrovascular resistance calculated as the mean arterial blood pressure divided by rCBF was slightly reduced, from 2.55 to 2.25 (P > 0.05).
Discussion
Arterial blood flow measurements as well as rCBF measurements are beset with inaccuracies. Based on a variation coefficient of 4.8% on the rCBF measurement* and a variation coefficient of the flowmetry of 2.6%, the calculated variation coefficient of the ratio of ICAF/rCBF was 5.3%. Consequently, a change of the ratio in any individual case should be in the order of 15% to be significant
The anesthetic agent, halothane, used for these operations is a cerebral vasodilatator, and the effect is dependent on the concentration. 5 -6 This means that the rCBF increases with increasing halothane concentration proSfrok; Vol. I, July-Augutt 7970 vided the blood pressure is kept constant, and that rCBF becomes pressure dependent to a greater degree than normally. The reactivity of the brain vessels to carbon dioxide has been found to be preserved during halothane anesthesia, 6 -8 and also in patients with cerebral atherosclerosis. 8 In cases of severe cerebrovascular insufficiency, however, a permanent vasodilatation may impede further increase of rCBF when hypercapnia is added. 9 The mean rCBF, 0 value of 50 ml/100 gm • minute found in this material is not representative of the "normal" rCBF level among these patients, but should be considered in context of the elevated Pacoo and the halothane anesthesia.
Several authors 10 -13 have found hypercapnia to be of value during carotid endarterectomy, the beneficial effect being attributed to an increase in cerebral blood flow. In spite of hypercapnia critical low rCBF values, i.e. 30 ml/100 gm • minute or less, 1 * were found in some of our cases (7, 11, and 16) , which were the cases with the most severe occlusive lesions of the extracranial arteries. In these cases the vascular bed might have been maximally dilated because of local CO 2 accumulation, and the additional hypercapnia was probably not beneficial. This method of rCBF measurement does not demonstrate whether the phenomenon known as intracerebral steal 15 contributes to the low flow values. Further studies of rCBF under varying Paco, levels are necessary to determine the value of hypercapnia in carotid surgery.
Flowmetry after endarterectomy showed an increase of the ICAF in 11 patients, and insignificant changes or reduction of the flow in six patients. In case 5, where the carotid artery flow was virtually unchanged, the significant decrease in rCBF can be explained by a decrease in Paco 2 . blood pressure, and halothane concentration. In spite of the unaltered carotid artery flow a greater part of the brain was thus supplied from this artery.
A decrease of rCBF following endarterectomy was observed in four cases. In all of them rCBF decreased from very high levels. In cases 5 and 17 the decrease could be explained by a lowering of Paco-, and/or blood pressure, while no explanation could be given in cases 9 and 14. In six cases rCBF remained largely unchanged after the endarterectomy. An increase in rCBF was seen in seven cases (6, 7, 8, 10, 11, 15, and 16). They all had very low flow rates in the internal carotid artery before the endarterectomy, except case 7, in which the opposite internal carotid artery was occluded. The five patients in whom a critical low rCBF was found (cases 1, 7, 8, 11 , and 16) all had neurological defects at the time of operation, and their symptoms may have been due to the reduced rCBF rather than to embolic episodes. The mean rCBF for the group as a whole was unaltered by the operation, which is in accordance with the findings of O'Brien et al., 16 who, using the Xenon inhalation technique, found the rCBF unaltered postoperatively in a group of ten patients. Likewise, Adams, Smith and Wylie (1962), 17 using the KetySchmidt nitrous oxide technique, found the cerebral blood flow unaltered in a series of 17 patients.
Comparison of two rCBF measurements in the same patient is meaningful only when all the factors influencing rCBF are kept constant, as there is no reliable way of quantitating the additive effect of changes in these factors. However, as a rule, these factors will have the same relative influence on the blood flow in the internal carotid artery as on the rCBF, and in simultaneous measurements the ratio of the two parameters will be independent of variations in these factors. Therefore, a comparison of the ratio before and after endarterectomy becomes valid in spite of changes in blood pressure, Paco 2 , and halothane concentration. Thus the hemodynamic effect of the operation can be expressed by the Tatio ICAF/rCBF, which gives the amount of brain substance in grams supplied by the internal carotid artery.
In this study increase in the brain mass supplied by the operated artery was registered in 13 of 17 cases. In case 9 the ratio ICAF/rCBF was unchanged. In three cases (3, 12, and 17) , all with relatively high flow rates in the internal carotid artery before the endarterectomy, a reduction of the ratio was found. In these cases an increased resistance might have been created at the site of the suture line.
It has been shown by several authors 18 -22 that the cross-sectional area of the normal carotid artery has to be severely reduced before a reduction of flow takes place. The major peripheral resistance is localized to the arterioles and precapillaries, and alterations of the diameter of the carotid artery give no Quantitative data about the blood flow in the internal carotid artery in normal man are not available. Internal carotid artery blood flow studies in patients in whom the artery was exposed for ligation or who had injection of ann'tumor drugs' or radical operations in the neck have shown mean values varying from 164 ml/min to 364 ml/min. 22 ' 24 -26 Assuming a brain weight of 1400 gm, an rCBF of 50 ml/100 gm • minute 27 and that the two internal carotids and the basilar artery each supply one-third of the total cerebral blood flow, the mean blood flow for one internal carotid artery would be 230 ml/min, supplying 450 gm of brain substance. In this material the operation resulted in change toward normal of the mean values of the ICAF as well as of the ratio ICAF/rCBF. When comparing the ratios in table 2 with the arteriogram findings in table 1, it will be seen that in six of eight cases where the ratio surpasses 500 gm there is arteriogram evidence of occlusive lesions in the other carotid and/or vertebral arteries.
The pathogenic mechanism of brain ischemia in patients with stenosis of extracranial arteries is a subject of debate. 16 ' 10 ' 28 The theory of distal embolization originating from the rough surface of the atheromatous plaque is opposed to the theory of a reduced cerebral blood supply due to the stenosis itself. In this material the mean rCBF was unaltered by the endarterectomy, which speaks in favor of emboli as the most frequent pathogenic mechanism. This, however, does not exclude hemodynamic factors playing a concurrent role in some cases. In the four cases of this series, where the rCBF before the endarterectomy was critically low and increased after the operation, the symptoms might have been due to the compromised blood supply.
